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Abstract 

The parasitic wasp, Diachasmimorpha longicaudata (Ashmead) (Hymenoptera: Braconidae), 
introduces an entomopoxvirus (DlEPV) into its Caribbean fruit fly host, Anastrepha suspensa (Loew) 
(Diptera: Tephritidae), during oviposition. DlEPV has a 250-300 kb unipartite dsDNA genome, that 
replicates in the cytoplasm of the host's hemocytes, and inhibits the host's encapsulation response. The 
putative proteins encoded by several DlEPV genes are highly homologous with those of poxviruses, 
while others appear to be DlEPV specific. Here, a 2.34 kb sequence containing a 1.64 kb DlEPV open 
reading frame within a cloned 4.5 kb EcoRi fragment (designated R1-1) is described from a DlEPV 
EcoRl genomic library. This open reading frame is a homolog of the vaccinia virus rifampicin resistance 
(rif) gene, D13L, and encodes a putative 546 amino acid protein. The DlEPV rif contains two EcoRV, 
two Hindlll, one Xbal, and one Drall restriction sites, and upstream of the open reading frame the 
fragment also contains EcoRV, Hindll, SpEI, and 5sPio6 sites. Early poxvirus transcription 
termination signals (TTTTTnT) occur 236 and 315 nucleotides upstream of the consensus poxvirus late 
translational start codon (TAAATG) and at 169 nucleotides downstream of the translational stop codon 
of the rif open reading frame. Southern blot hybridization of Hindlll-, EcoRI-, and 5araHi-restricted 
DlEPV genomic DNA probed with the labeled 4.5 kb insert confirmed the fidelity of the DNA and the 
expected number of fragments appropriate to the restriction endonucleases used. Pairwise comparisons 
between DlEPV amino acids and those of the Amsacta moorei, Heliothis armigera, and Melanoplus 
sanguinipes entomopoxviruses, revealed 46, 46, and 45 % similarity (identity + substitutions), 
respectively. Similar values (41-45%) were observed in comparisons with the chordopoxviruses. The 
mid portion of the DlEPV sequence contained two regions of highest conserved residues similar to those 
reported for H. armigera entomopoxvirus rifampicin resistance protein. Phylogenetic analysis of the 
amino acid sequences suggested that DlEPV arose from the same ancestral node as other 
entomopoxviruses but belongs to a separate clade from those of the grasshopper- infecting M. 
sanguinipes entomopoxvirus and from the Lepidoptera-infecting (Genus B or Betaentomopoxvirus) A. 
moorei entomopoxvirus and H. armigera entomopoxvirus. Interestingly, the DlEPV putative protein 
had only 3-26.4 % similarity with RIF-like homologs/orthologs found in other large DNA 
non-poxviruses, demonstrating its closer relationship to the Poxviridae. DlEPV remains an unassigned 
member of the Entomopoxvirinae (http://www.ncbi.nlm.nih.gov/ICTVdb/Ictv/index.htm) until its 
relationship to other diptera-infecting (Gammaentomopoxvirus or Genus C) entomopoxviruses can be 
verified. The GenBank accession number for the nucleotide sequence data reported in this paper is 
EF541029. 
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Introduction 

The Entomopoxvirinae Subfamily (Family: 
Poxviridae) is comprised of three genera based on 
morphology, host range, and genome size of 
viruses infecting Coleoptera (Genus A or 
Alphaentomopoxvirus), Lepidoptera (Genus B or 
Betaentomopoxvirus), and Diptera (Genus C or 
Gammaentomopoxvirus) . The 
Orthoptera-infecting M. sanguinipes 

entomopoxvirus is currently a temporary species 
within the Betaentomopoxvirus (ICTVdB 2004). 
Although entomopoxviruses have been isolated 
from the Hymenoptera, they have yet to be 
assigned a genus (King et al. 1998). 

Evidence for a distant relationship between 
chordopoxviruses and entomopoxviruses was 
initially based on DNA sequence comparisons of 
genes encoding thymidine kinase (Gruidl et al. 
1992), DNA polymerase (Mustafa and Yuen 1991), 
and nucleoside triphosphate phosphohydrolase I 
(Hall and Moyer 1991; Yuen et al. 1991). The 
rifampicin resistance gene (rif) [and the putative 
protein (RIF) it encodes] found in 
chordopoxviruses such as vaccinia (Niles et al. 
1986), variola (Shchelkunov et al. 1993), and 
swinepox (Massung et al. 1993), also occurs in 
several entomopoxviruses (Winter et al. 1995; 
Osborne et al. 1996; Afonso et al. 1999; Bawden et 
al. 2000). The rif gene was considered to be 
highly conserved within, and characteristic of, the 
Poxviridae and thus, a unique monophylectic 
origin was suggested (Osborne et al. 1996). 
However, RIF-like sequences and certain other 
proteins assumed to be unique to poxviruses 
occur in some large double stranded eukaryotic 
DNA non-poxvirus families, suggesting that 
poxviruses and these double stranded DNA 
viruses share the same ancestry (Iyer et al. 2001), 



and probably that RIF is not characteristic of the 
Poxviridae alone. 

In vaccinia, the RIF protein (D13L) (Moss 1996, 
2001) localizes predominantly on the concave 
surface of the membrane cisternae of viral 
crescents and is presumed to be essential as a 
scaffold for the formation of the Golgi-derived 
membranes, characteristic of the early stages of 
virion assembly (Sodiek et al. 1994). 
Morphologically similar structures are highly 
conserved within the Poxviridae (Nile et al. 1986; 
Shchelkunov 1993; Massung et al. 1993; Winter et 
al. 1995; Moss 1996, 2001; King et al. 1998) and 
likely, serve a similar function. 

We report here the sequencing and comparative 
analysis of a complete open reading frame within 
a partially sequenced clone (designated RI-i) 
derived from an EcoRI library of the 
Diachasmimorpha longicaudata entomopoxvirus 
(DlEPV) DNA. DlEPV was first described from the 
parasitic wasp D. longicaudata (= Biosteres = 
Opius longicaudatus) (Hymenoptera: 
Braconidae) and was shown to be transmitted to 
the larvae (hosts) of the Caribbean fruit fly, 
Anastrepha suspensa (Loew) (Diptera: 
Tephritidae) during oviposition by the wasp 
(Lawrence and Akin 1990). DlEPV invades the 
host's hemocytes where it replicates and exhibits 
the immature virus, intracellular mature virus, 
cell-associated virus, and extracellular enveloped 
virus forms (Lawrence 2002, 2005) known to 
occur in members of the Poxviridae (Moss 2001). 
DlEPV inhibits encapsulation by the host's 
hemocytes, thereby protecting the wasp's eggs 
and as such, is the first symbiotic entomopoxvirus 
described to date (Lawrence 2005). We show that 
the DlEPV D13L homolog is more closely related 
to entomopoxviruses and chordopoxviruses than 
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to orthologs/paralogs of other large double 
stranded DNA viruses. 

Few viruses or virus-like particles that are 
symbionts of parasitic wasps that attack dipteran 
hosts have been reported. The first virus-like 
particles from the Leptopilina parasitic wasp were 
reported from parasitized Drosophila 
melanog aster larvae and like D1EPV, were found 
to disrupt the cellular encapsulation ability of the 
host (Rizki and Rizki 1990). However, neither the 
nucleic acid composition nor family of these 
virus-like particles has been identified (Rizki and 
Rizki 1990). A rhabdovirus is also injected into A. 
suspensa larvae by the D. longicaudata female 
(Lawrence and Matos 2005) but its genes have 
also not been sequenced. Therefore, D1EPV is the 
first dipteran-infecting viral symbiont of a 
parasitic wasp for which any gene sequence is 
known. 

Materials and Methods 

Construction of the D1EPV EcoRI library 

Details of the EcoRI D1EPV DNA library 
construction and sequencing of cloned fragments 
have been described (Lawrence 2002). Briefly, 
D1EPV DNA was extracted from virions that were 
harvested from female wasp venom glands and 
purified by sucrose density gradient 
centrifugation (Lawrence 2002). Upon digestion 
with EcoRI (Roche Molecular Biochemicals, 
www.roche.com), the resulting DlEPV DNA 
fragments were cloned into the pBluescript® II 
KS (+/-) cloning vector (pBS; Stratagene, 
www.stratagene.com ) using T4 DNA ligase 
(Roche) and the manufacturer's and standard 
(Sambrook et al. 1989) protocols. The clones were 
used to transfect supercompetent DH5-01 
Escherichia coli cells (Gibco-BRL, 
www.lif etech . com /www. invitrogen . com) , 
amplified, and selected on ampicillin - Xgal 
(Gibco- BRL) agar plates at 37 °C for 18 h as 
previously described (Lawrence 2002). 
Recombinant plasmids were isolated from 
bacterial cells by alkaline lysis (Sambrook et al. 
1989) and the presence of the DlEPV DNA inserts 
verified by EcoRI digestion and subsequent 
electrophoresis (Lawrence 2002). The clones (RI) 
were arbitrarily numbered and the RI-i clone was 
selected for further analysis. 

DNA labeling, hybridization, and detection 

To verify the fidelity of the RI-i DNA insert to the 
DlEPV genome, a 3 \ig sample of the isolated 



insert was labeled with digoxigenin (DIG) by 
random priming using the DIG-High Prime® 
labeling protocols (Roche). DlEPV genomic DNA 
was digested with EcoRI, Hindlll, and BamHl 
(Roche) and the resulting fragments 
electrophoresed into a 0.8% agarose gel at 30 V 
for 18 h and transferred to nitrocellulose 
membrane by the capillary method. The DNA was 
then fixed to the membrane by UV cross-linking 
at 50 mJoules. The blot was probed with 100 ng of 
the DIG-RI-i insert diluted in 5 |iil hybridization 
buffer [5X SSC (750 mM NaCl, 75 mM sodium 
citrate solution, pH 7.0), 0.1% (w/v) 
N-lauroylsarcosine, 0.2% (w/v) SDS, 1% blocking 
reagent (Roche)] at 65°C for 16 h. Hybridization 
was followed by two 5 min washes at RT with 2x 
washing buffer (2x SSC, 0.1% SDS) and two 15 
min washes with 0.5X washing buffer. The 
hybridization signal was visualized using the DIG 
chemiluminescent detection protocol and 
exposure to LumiFilm (Roche). 

Sequencing of the open reading frame 
within the DlEPV RI-i clone 

Forward and reverse sequencing of the open 
reading frame within the RI-i clone were 
accomplished by primer walking, with 
fluorescence-labeled dideoxynucleotides and Taq 
DyeDeoxy terminator cycle sequencing protocols 
(Applied Biosystems, Perkin-Elmer Corp., 
home.appliedbiosystems.com) and the extension 
products analyzed with a model 377A DNA 
sequencer (Applied Biosystems), as previously 
described (Lawrence 2002). Sequences were 
assembled and further analyzed with the 
Sequencher 3.0 software (Gene Codes Corp., 
www. genecodes . com) . 

Sequence analysis of the R1-1 open reading 
frame 

The amino acids deduced from the partial 
sequence of RI-i by the Sequencher program were 
compared with homologs in the GenBank, PIR, 
and SWISS-PROT databases using the Basic Local 
Alignment Search Tool (BLAST) (Altschul et al. 
1990). A multiple sequence alignment of the RI-i 
open reading frame protein and its homologs was 
performed using the CLUSTALW 1.81 program 
(Thompson et al. 1994), with gap initiation and 
extension penalties of 10 and 0.2, respectively. 
Aligned sequences were imported into the 
Phylogenetic Analysis Using Parsimony 
(PAUP*®) program (Swofford 1998) to generate a 
phylogenetic tree using the neighbour joining 
method and 1,000 bootstrap trials to assess tree 
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RI-1 DNA fragment (4.5 kb) 
Cloning vector 



Figure l. Electrophoretic analysis of the EcoRl digested DlEPV RI-i clone. A 75 jol aliquot of the digested clone 
was applied to the gel. DNA fragment sizes were verified using a BioRad® X high molecular weight DNA size 
standard (X). The upper band corresponds to the RI-i insert of approximate 4.5 kb. The lower band is the 
pBluescript® cloning vector of 2.96 kb. 



reliability. Pairwise comparisons of the DlEPV 
RI-i open reading frame nucleotides and deduced 
amino acids with those of homologs identified by 
BLAST, were expressed as percent nucleotide 
identities, amino acid identities, or amino acid 
similarities [identities + homologous 
(conservative, sensi/Mount 2001) substitutions]. 

Rifampicin-like proteins occur in other large DNA 
non-poxvirus families including the 
insect-infecting Iridoviridae and Ascoviridae (Iyer 
et al. 2001; Stasiak et al. 2001 Stasiak et al. 2003). 
Thus pairwise amino acid comparisons, separate 
from those made with the poxviruses, were 
performed between the RIF sequence of DlEPV, 
orthologs/homologs from the insect iridovirus 
IIV-6, the Diadromus pulchellus ascovirus 4a 
(DpAV4a) from a parasitic wasp of the same 
name, and other non-pox DNA viruses. 

Results 

Purification, sequencing and analysis of 
the RI-i insert 

The size of the RI-i insert was verified to be ~ 4.5 
kb (Figure 1). Hybridization of the DIG-probe to 
the insert and the restricted DlEPV genomic DNA 
in the Southern blot, verified their fidelity to the 
DlEPV genome (Figure 2). The single hybridized 
fragment, with the same size as the positive 
control (~4.o), obtained with the EcoRl digested 
genomic DNA confirmed the absence of an EcoRl 
restriction site within the fragment (Figure 2). 
The four bands detected in blots of the Hindlll 
digest (Figure 2) were also consistent with the 
presence of three Hindlll sites within the 
sequence (Figure 3). Although no BamRl sites 
(therefore one band) were predicted, two bands 



were observed (Figure 2), suggesting the presence 
of a second site in the unsequenced portion of the 
clone. Sequencher also predicted Xbal, Droll, 
Spel, and Bspio6 restriction sites within the RI-i 
fragment (Figure 3) but these enzymes were not 
evaluated. 



1234567 




Figure 2. Autoradiograph of Southern hybridization of 
digested DlEPV genomic DNA with a 4.5 kb specific probe 
generated from the DlEPV R1-1 insert. Lanes 1-2: empty; 
Lane 3: 1 \i\ of the DlEPV R1-1 undigested 4.5 kb insert 
(positive control); Lane 4: 2 \i\ salmon sperm DNA 
(negative control); Lane 5: 5 pi EcoRl digested DlEPV 
genomic DNA; Lane 6: 5 pi Hindlll digested DlEPV 
genomic DNA; Lane 7: 5 pi BamRl digested DlEPV 
genomic DNA. 
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The sequenced portion of the RI-i fragment was 
determined by Sequencher to contain one 
complete open reading frame of 1,640 bases, 
encoding a putative protein of 546 amino acids 
and an apparent partial open reading frame. The 
rif open reading frame had 529 bases (5') and 174 
bases (3') immediately flanking its translational 
start and stop codons, respectively (Figure 3). 
Thus, the sequenced portion of R1-1 comprised 
2.34 kb (GeneBank accession # EF541029) of the 
-4.5 kb R1-1 insert. The analyses below will focus 
only on the complete open reading frame and 
sequences immediately flanking it (Figure 3). 

The translation initiation codon (ATG) of the 
open reading frame starts at 530 nucleotides from 
the 5' end of the fragment and the translational 
stop codon (TAA) starts at 2,168 nucleotides 
(Figure 3). Immediately preceding the 
translational initiation codon is a highly A/T rich 
(87%) 30 nucleotide sequence. Three of these 
bases immediately preceding the ATG and in 
combination with it, form the consensus poxvirus 
late transcriptional start signal (TAAATG) (Rosel 
et al. 1986; Moss 1996, 2001) (Figure 3). Potential 
poxvirus early transcription termination signals 
(TTTTTnT) occur at 236 and 315 nucleotides 
upstream of the late translational start codon and 
168 nucleotides downstream of the translational 
stop codon of the open reading frame (Figure 3). 

Alignment of all deduced poxvirus sequences 



revealed almost no conserved amino acids within 
the first 253 amino acids of the D1EPV sequence, 
except for a short region [LPE(I)/(V)KG] between 
amino acids 53-58 in which valine was 
substituted in the chordopoxviruses for isoleucine 
in the entomopoxviruses (Figure 4a). Two 
additional motifs, 
HTN(L)/(I)/(V)L(M)/(V)/(S)F(GT)/(SR)/(TR)R 
and GD(N)/(L)RS, occur within DlEPV amino 
acids 326-370 (region I) and 383-441 (region II) 
respectively (Figure 4a). These regions of 43 and 
58 amino acids have -28 and 26% conserved 
residues respectively, and correspond to the same 
two regions in the H. armigera entomopoxvirus 
RIF that had 56 and 53% conserved amino acids 
respectively, when that virus was aligned with 
vaccinia and swinepox (Osborne et al. 1996). 
When only entomopoxviruses were aligned, the 
conserved amino acids in regions I and II of the 
DlEPV RIF increased to -44 and 38% respectively 
(Figure 4b). Interestingly, when each 
entomopoxvirus sequence was individually 
aligned with DlEPV, the percent conserved 
residues increased even further to as high as 79 
and 41% in regions I and II respectively 
(alignment not shown). In addition at least 10% of 
40 residues at the N-terminus and 20% of 50 
residues toward the C-terminus were conserved 
between DlEPV and each of the other (beta) 
entomopoxviruses (data not shown). 

Regions I and II had motifs common to both 



Table 1. Pairwise comparison of amino acids and nucleotides of the rifampicin resistance homologs of DlEPV and 
other poxviruses. The lower left triangle represents the percent similarities (= amino acid identities plus 
homologous substitutions). Numbers in parentheses represent percent amino acid identities. The upper right 
triangle represents percent nucleotide identities. 
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Figure 3a. Locations of restriction enzyme recognition sites within a ^2.54 kb sequenced portion of the RI-i DNA 
fragment predicted by the Sequencher 3.0 program. 
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NKD EHP FLFH KAK SEE IFST 

Y I I 



841 CAACGAATAT CACTCGTTAA ACTATTTTAC CAACAAAGAT GTTTTTCTGA CAACCAAAGA 
AGGGACCCAC 

NEY HSLN YFT NKD DFLT TKE 

G T H 

911 GCTGATTGCA TAATTTTCCC TAAAAAAGAA ATATCTATTC CATTGGATTC GTTGCTTTCT 
GCTTTTAAAA 

ADCI IFP KKE ISIP LDS LLS 
A F K I 

981 TCTTTAAAGA TACCGAAATT ATTTTCAATT TCAAATTCCA TAACATTGAA G AAAT TAT AG 
CCTATGATGT 

FKD TEI IFNF KFH NIE EIIA 

Y D V 

1051 AGAATTTAGA CGTCATTCAC TAGAACAACT CAAGAAAAAC TTTTCTGAAA CATCATTGAA 
TATCAGATTC 

EFR RHSL EQL KKN FSET SLN 

I R F 

1121 CAATTTTTGA ATGTTCCAAT AATTTCATCA GCAGAACTCA CAGCAACTAA CGTAATTACC 
AAAAAGGATG 

QFLN VPI ISS AELT A T N VIT 
K K D V 

1191 TGATTGGTAA AGATAATACT CAAATGATGA ATACATCAGA CTTCTCAAAC ACTATTGCTG 
TAAGTTTCCA 

IGK DNT QMMN TSD FSN TIAV 

S F H 

1261 TTCTAAAAGC GATATCTTTA ATCACGAAAA TCGTTATATT ATTAATCCGG GTGTAGATTA 
TTCCGAAGAT 

Figure 3b. DNA sequence of the RI-i open reading frame and an immediately preceding region (539 nt) 
containing putative poxvirus early transcriptional stop (TTTTTnT) and late promoter (TAAATG) sequences 
(highlighted in black). Restriction enzyme recognition sites, shown in (a), are underlined. The putative 
translational stop codon (TAA) is indicated by an asterisk (*). The sequence has been assigned GeneBank accession 
# EF541029. 
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SKS DIFN HEN R Y I I N P G VDY 

S E D 

1331 GTGCTTGTTC AGAAATGGGT TTTAAATATT TTAAAAGATT TGCTTATTGT GACCACAAAA 
GATATGTCCC 

VLVQ KWV L N I LKDL LIV TTK 
D M S L 

1401 TGTCAGAAAA TAAAAAAGCT CTGGGTTTCA AAGACGAAGC TGTGTTCCAT GAAATTACTA 
AAAATACTAT 

SEN KKA LGFK D E A VFH EIT K 

N T M 

1471 GACTTTCAAT AAAC TCGAAA AAAGGTTCTG TAAGATCACA ATCGAAAATA TCCCAGAAGA 
TCACAAACTT 

TFTSI KLEK RFC KIT I E N I PED 

H K L 

1541 TATTATCATA CAAATATTCT AAGCTTCACC AGACGTT TCC AACACACCAA AG C A C TC AAT 
GTTTCCACAC 

YYHT NIL SFT RRFQ HTK ALN 
V S T L 

1611 TTTTTAAGAA AATCACGGGT GTTTATCTTC CCAATCAAAA AGTAATCAAT TTTCTAGATA 
TAGATCATAG 

FKK ITG VYLF NQK VIN FISI 

M L D 

1681 TATAGATATT AAAATTGTAA GTT TACCT AT TAGTATTTGG GATCATGAAT TGAATAGTCA 
TCCAGGTGAT 

I D H SID I KIV SLF DHEL NSH 

P G D 

1751 TTAAGATCCA ATGC CATGAA AGAACGTGAT TTTTTCTTTA AGAATAGATT TTTGCTTGGA 
ATGGACTTCA 

LRSW AMK ERD FFFK N R F LLG 

Figure 3b (con't). DNA sequence of the RI-i open reading frame and an immediately preceding region (539 nt) 
containing putative poxvirus early transcriptional stop (TTTTTnT) and late promoter (TAAATG) sequences 
(highlighted in black). Restriction enzyme recognition sites, shown in (a), are underlined. The putative 
translational stop codon (TAA) is indicated by an asterisk (*). The sequence has been assigned GeneBank accession 
# EF541029. 
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M D F N 

1821 ATTGCAAAGA TAGAGGATAT GAACGTATTT CACTTAAAGG TGGTAAA GAT ATC TTTGAAA 
ACCTTCTTCG 

CKD RGY ERIS LKG GKD IFEN 

L L R 

1891 GGAAAGAAAA CCCTTTCTTC GTAAACTTCC CATTATCGAA TTTGATCCAG CTATGCAAAG 
AGGTATTTCG 

E R K PFLR K L P IIE FDPA MQR 

G I S 

1961 TTATATACAA CCTT CATAAG CCCATCTCTC ATGATATACG CAGATCCCTC TATCAACTTT 
ACAAATTTCT 

LYTT FIS PSL M I Y A DPS INF 
T N F L 

2031 TAGTCGAGAT CCAATGGAAA GAATATGATG AGTGTGATCC TCTAAATCTA TTAAAACGTT 
TCCCATGTGT 

VEI Q W K EYDE CDP LNL LKRF 

P C V 

2101 GG ACT TAT AT GAGATGCAAA AAATCACACA AAATCCTGAT ACACAACGTA TTAGTATTGA 
ATCTATATAA 

DLY E M Q K I T Q NPD TQRI SIE 

SI* 

2171 ATGCTTGACT TTTTAATATT TCATTCTCAA CCCTTTGTCG TTCAGCTTTC AAAAAAGCGA 
AACCCCATTT 

2241 GATTGATTCA CTTGAGGGCA AATTTTGGAA CACAGGAGTA TTGGCACTTA CTATGGTATT 
ATTTTGGGAA 

2311 GATTTTATAA CATGTCTTTC TGGTAAC 

Figure 3b (con't). DNA sequence of the RI-i open reading frame and an immediately preceding region (539 nt) 
containing putative poxvirus early transcriptional stop (TTTTTnT) and late promoter (TAAATG) sequences 
(highlighted in black). Restriction enzyme recognition sites, shown in (a), are underlined. The putative 
translational stop codon (TAA) is indicated by an asterisk (*). The sequence has been assigned GeneBank accession 
# EF541029. 
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4a 

CLUSTAL W (1 ,81) multiple sequence alignment 



VACV — -MKNTI INSLIGGDESIKRSNWAV^ 44 

VARV MKimiNSIiIGGDDSIKRSNVFAVDSQIPTLY^ 44 

SPV MCmnVElEII(3raiVKRHN^^ 44 

MYXV MNNTVTNAUGNEDYVKFJ^^ 44 

MQCV ■ MNASimSLIHMX^VRF^lW^ 44 

ArrfEPV MKRlFJPFSKTNIDSDP^-im 42 

HaEPV MNIFKKIFNQNLCmNM^^ 58 

MsEPV MMRSLILYDNS--NSSPi-NIY^ 41 

DlEFV MELITFNTNHPFXHSAYFKTFSYW^ 33 

* ■ i I . * 

VACV NDGFDNQAIAS-FEIRDQm KGMaiFGYVFYVGYKCINHVSIS— 101 

VAKV MNCTnraprea^^^ 101 

SFV TDSNCDQHVVSTFEIRDQY 102 

MYXV GGVSCEQFVTSSFEIRDQ^ 102 

MOCV PTJftSAHFVVAY—EWRDQ^^ 100 

AlrtEFV QDG-— ™YAVAS]TOIKLErafl^^ 96 

HaEPV EDG YWA3VTDNKLED3NNFG^ I KGIGGVRYQTDFVYKLIEBCIEErri 112 

MsEPV ENG- YLI YKITDSKLEQCNNPGLI IUPE ! KGIGSmYQSNFVYKLlKKtVliLTI 95 

DIEPV — — „™nTfiJTW7PJVTfi^TTfT>TT.Pff TjF^KTTO^ .KMVfiFTI J nVFRTOTTf 81 

* : * S * • I S *** :***.: : : 

vacv scNGViwEiEGEELYiM:mmiflua^^ 157 

VARV SCNGVIWEIEGEELYbn^n^ 157 

SPV SYDDII^SSGEDLYNSCII^ 158 

MYXV STECTIWEISSGEDIYNSCVNNEIffi^^ 158 

MDCV SVMSTVWENSGEEliFDSVF^^ 156 

AmEPV DDN-KTCffiin*K3GLE£lJ^^ 155 

HaEPV DDMIKTNTI TKKTG7 ^TOroFKOWm'SSCTbWIDWATO^KCy\DDr I FQSKDIYFP 172 

MsEPV DNDSTVf?n IKKSGLE1IjFEFNR£X5SKYSKI IG&JNIDLCSFNTUYTADDI IFTSREIYFP 155 

DIEPV ^EHPMHKAKSEEIFSTniim^ 141 

VACV IKTPFD— — VEmFSSLKl£DSKnvrv^^ — KEFVYVPEL 212 

VARV IKTPFD VEIJiraSUa£DSKITVTVTFWFVS^ 212 

SPV IKTPFD---VE3OTF3SLKLA^^ — KDFVYVTEL 213 

MYXV IKTPFD---VEEOTSSLKI£DSKVT^^ 213 

MOCV IJ^PFI^-^H^SLKI^imVTIAVTFNPI 211 

AmEPV T MFTFnNUNNfrJTOTfTFRT .FPFTTKT jQTKTKFRPFAD TT J P OVKYKTOJ^T.KMTRDVDT jQPYT 215 

HaEPV t ,pft mH^^wjpjyrrraT.YTWKr jQtkttcfrpfss tt j .p dakykkhsi .KNTSnvnx qpyt 232 

MsEPV LITIFD^FINPHTCIHLFPIOT 215 

DIEPV LDSLLS AFKIFKEriEIIFNFKFHNI^ 193 

VACV SF-IGYMVKNVQIKPSFIEKPRRVIG Qll^PTATVTEVHAMSLiSVYT^ 267 

VARV SF-IGYMVKNVQIKPSFIEKPRRVIG QD^PTMVTEVHA^SISVYTKPYYCa^rD 267 

SPV SC-IGYMVKNIQIKPSYIERPRRVFG QIJ^mVISDVHSVSSI£VYIKPYYC2JAD 268 

MYXV SF-VGYMVKNlQPKQaTIEPJ ! ra^I£ QINQATAVISEVHSVTSI^YIKPYYCMD 268 

MDCV SF-VGYMVPmHAKPSFI£m?IC^ QMNLPT&VVTDVHAA 266 

AmEPV KF-TGYMCGSPFKHRYIEELTYS THKSNKKNYYSPEFI£ITNE1^SK-SDIFFG 269 

HaEPV KF-TGYKTIX^PHKHRYIEEINKS imQSNKKNYY^DFASITOEFW 286 

MsEPV SF-TGYimX^EIKNRFLF^VLTQDHCT^^ 273 

DIEPV NIEFQFII^IISSAFiTATNV^^ 253 

• 4 * I 



Figure 4a. ClustalW 1.81 multiple sequence alignment of the deduced amino acid sequence of the putative 
rifampicin resistance protein homologs from Amsacta moorei entomopoxvirus (AmEPV), Heliothis armigera 
entomopoxvirus (HaEPV), Melanoplus sanguinipes entomopoxvirus (MsEPV), Molluscum contiguosum poxvirus 
(MOLCV), swinepox virus (SPV), Myxoma poxvirus (MYXV), vaccinia virus (VACV), variola virus (VARV), and 
Diachasmimorpha longicaudata entomopoxvirus (DIEPV). A colon (:) represents amino acid homologous 
("conservative", sensu Mount 2001) substitutions. A period (.) identifies amino acid non-homologous 
substitutions. Asterisks indicate identical amino acids conserved in all sequences. Underlined sequences represent 
regions I and II in HaEPV and DIEPV with the highest percent conserved amino acids previously identified for 
HaEPV by Osborne et al. (1996). For the three motifs identified within the RIF sequence, Blue = conserved in all 
poxviruses; Red = conserved only among chordopoxviruses; Green = conserved only among EPVs. Other colors = 
conserved in some members of a subfamily. 



Journal of Insect Science: Vol. 8 I Article 8 



9 



Journal of Insect Science | www.insectscience.org 



ISSN: 1536-2442 



VP£N NI^ISYPG¥SQDEKDYX PTGYPES-AE1VEVPED 318 

VAKV HKET53EI€»SQBB^ FPGYPES-AEIVE7FED 313 

SPV NKFISYFGYSQSEKDYICVFVERliEI)^ ■ FKWFPET-AELVEVFNS 319 

MYXV NRFISYIKSXMSIEEDYIC^F^ FSTFPDS-AEIVEVPPD 319 

MOCV WiaYPGFSQSBQSVVCAFVERT T .KHLIRISDAE PSGFPEA-AELUEVPPG 317 

ArriEFV NMFISYPDYPETEEKFIM T YVCKIiLMIIX KSRGFSDK-^KFKKTDPC 324 

HaEPV WISYPD ^PLTKEK yiKSFIDRIISELIIISPDE3^L KHRGFKEK-SKFKMJCYY 341 

MsEPV KSFISYPHYPETEESFnCSYVI^IIQCLiLrVDFl^^ AKRKFDNKKCKFVErKFF 329 

DlEPV NRYIINPGVDYSEDVLVQKWVU^ 313 

* ;* * m * - : ; , : ; , ** : ; ; ; 

VSCV GIVSIQD-ADVYVKIDNVPDIMSV^^ 376 

VEKV GlVSlOl>ADVYVKIDW\7PI^SVYIirm IJm]TO-mSFIYraSKKFSra^IYSDAT 376 

SPV GIVTIQP-VDIFVRIDTMraMKV^^ 377 

MYXV GIVNIQD-VTW^DNVP»KDMAVFY^ 377 

MOCV GLVSIQD-VI^VRIDGOTAGK^^ LVTUFR-RltfSFMYNLSKKF^ 375 

ArriEPV DKIVFDVTMCEMIMNVPEG^ L F R-NHP^YNISKKFSKIOTYIPNE 383 

HaEPV DEDtFDVtMSCl VNIiaMPEfflCT L £ R-NNPNEYHI SKKFHYmnYI PEE 400 

MSEPV DVVKHDVNNQCt INIKG IPEQlKLYYHKrT L F R-NKNDEYWI&TSlKFi^rLGEYLEKE 388 

DlEPV >fi™Q^<RFa CITIEHIPEIXlKL¥YH™ L FT • RF< gH!KfiIWSTLFKKITGVYL PMQ 373 



VACV KFTIF^SHSimil^IPVEOmSC^^ 436 

VARV KRTUFAHISHSINI IDTSIPVSIJ7K3GfiNVYN^^ 436 

SPV NEm^FSHVSHSINITI^IFVSVWlOC^ 437 

M^XV K*IMFSHISHSVNITDVSIPVSI^^ 437 

MOCV GKIIFTS^£mrSVTD2^IFVGFW^^ 435 

AmEPV DKIIJHEVKHTimSDVSm 443 

HaEFv imiimi KHNirciTOreirvs 460 

MsEPV DRIYFHMOmSISDVSIPIEraNMEM^^ 448 

DlEPV KVIHFLDI DHSlDIKIVSr PTfifWDHET JJSHPGD i^O\MKEaDFFFKHRFIljaDFMCK 433 
- - _ - .*:*: .* * ** ** : +. , : *♦ *;** * 

VBCV TDIISRLEmFGNI^YEEl^ISEtreNFJiTK SNM7TRTLTFNFTPK 484 

VfiRV TDI I SRl iEATRF^DVLYSENGP I SK T YNEJ jLTK - —SNNSTRTLTFNFTPK 484 

SPV TDirSRmWFO^imYSET^PISKVVNDri^ HKCGMRTLRFTJFTPP 485 

MYXV MDLI SRLEVRFQ'IDVL YSE7TAP I SKTiTOLLSG CDSGIRMLKFNFTPH 485 

MXV ftEVISRMEM*Ra©VM^I^ AHGGTRKLLFNFNPG 483 

ArriEPV FJ^IISRSITSSSl^rAF^NSDMEF^YFQSI^^ 503 

HaEPV EDSlI5RS lS5SfiNF£lftFJ^IVNID5Y^ 520 

MsEPV DLGIFTSTLJSTNSNETI^ 508 

DlEPV DRGYmiS LKGGKDIFEHLLRERKPFI^KLPI I EFDPflMDRGISLYTT 481 

VACV IFFFFITmNVSRG^ 544 

VAKV IFFRPTTrTJWUSRGKDKLSV^ 544 

£ .iPV TFFKFTTrVflNPSRGKDKLSVRVVFTSl^ 545 

MYXV Tfc'FKJ^lTIVSNPSRGKDK^ 545 

MDCV AFFKFlTlJTRHPSRGKDiKIAVP^ 543 

MEPV IFIEPSHJMftAKNFRCVN^ 563 

HaEPV IFVEPSRIJADVGKNFPCV^ 580 

MsEPV Il^EPSEUJAMOCHFRRISICITMKHYH 568 

DlEPV FISPSUCYMaPSINFT^VEIQW^ 541 

VBCV KIMGDNN — 551 

VARV KIMGDWN — 551 

SPV KIIGEL— 551 

HYXV KITDCVKNK 554 

MOCV KVSE — 547 

ArtlEPV HTTJ? 567 

HaEPV HIIE- 584 

MsEPV HIVDERK — 575 

DlEPV SIESL 546 



Figure 4a (con't). ClustalW 1.81 multiple sequence alignment of the deduced amino acid sequence of the 
putative rifampicin resistance protein homologs from Amsacta moorei entomopoxvirus (AmEPV), Heliothis 
armigera entomopoxvirus (HaEPV), Melanoplus sanguinipes entomopoxvirus (MsEPV), Molluscum contiguosum 
poxvirus (MOLCV), swinepox virus (SPV), Myxoma poxvirus (MYXV), vaccinia virus (VACV), variola virus (VARV), 
and Diachasmimorpha longicaudata entomopoxvirus (DlEPV). A colon (:) represents amino acid homologous 
("conservative", sensu Mount 2001) substitutions. A period (.) identifies amino acid non-homologous 
substitutions. Asterisks indicate identical amino acids conserved in all sequences. Underlined sequences represent 
regions I and II in HaEPV and DlEPV with the highest percent conserved amino acids previously identified for 
HaEPV by Osborne et al. (1996). For the three motifs identified within the RIF sequence, Blue = conserved in all 
poxviruses; Red = conserved only among chordopoxviruses; Green = conserved only among EPVs. Other colors = 
conserved in some members of a subfamily. 
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4b. 

CLUSTAL W (1 .81 ) multiple sequence alignment 
REGION I 

AmEPV VNNNCEIWIMNVPEGFDLYYHTNILSFSRRNNP-NDYNISKKFSKISGTYIPNEDKILIH 389 
HaEPV VNNSCTVNILNVPENHNIYYHT S NNP-NEYNISKKFNYILGTYIPEEDKIILH 406 

MsEPV VNNQC I INI KGI PEGMKL YYHK S NKN-DEYNISNKFKYILGEYLEKEDRIYFI 394 

D1EPV EKRFCK ITI ENI PEDHKL Y YHTN I L S FTRRFQHTKALNVS TLFKK I TGV YLPNQKVINFL 379 
; , * :** , ; * * * : ***^*****j** ; * : * . * , * * * : : : . * ; 

REGION II 

AmEPV EVKHTINISDVSIPLSIWNANENTSTGDLRSIKSKKSDIYVNDPFVFGLDFLSKELGIIS 449 
HaEPV EIKHNINITDVSIPVSIWNAPENTST SKSKKNDI YIDDPFVFGLDFLSKELGI IS 466 

MsEPV DVKHDISISDVSIPIEIWNAEENTST DKMKEMDVI VYDNF I FGMDF I SKDLG I FT 454 

D1EPV DIDHSIDIKIVSLPISIWDHELNSHP NAMKERDFFFKNRFLLGMDFNCKDRGYER 439 

* * * ★ * - ★ - * * - - * - ***** ★ - * - *..*.** * . * 

• * ■ • * • • * * * * ■ * * * • * * * » * 

AmEPV RSITSSSNESIAEYNSDTVNIESYFQSDNLFAVTPTSEYSNPAIFLHRFNLHNIIFIEPS 509 

HaEPV RS I S S SANES I AE FNS DI VNI DS YFS SDAL YAVS KTS DHSNPS IFL YRFNLHNI I FVEPS 526 

MsEPV STLKTNSNETIHDINSDRPNYEFYLNSNCVYPVTPINDESYPSIFIHRFNQHSILLSEPS 514 

D1EPV ISLKGGKD — — IFENLLRERKPFLRKLPI IEFDPAMQRG -ISLYTTFISPSL 487 



Figure 4b. ClustalW 1.81 multiple sequence alignment of the deduced amino acid sequence of a selected region of 
the putative rifampicin resistance protein homologues from entomopoxviruses, showing regions I and II 
(underlined in HaEPV and DlEPV) of highest percent conserved sequences (Osborne et al. 1996) and their 
component motifs. Virus names, symbols, and color codes are as described in Fig. 4a. 



chordopoxviruses and entomopoxviruses but 
contained substitutions that distinguished the two 
virus subfamilies (Figure 4a). A closer analysis of 
the entomopoxviruses revealed that within the 
motif in region I, DlEPV had a single substitution 
that distinguished it from the 
betaentomopoxviruses (Figure 4b). However, all 
residues in the motif in region II were conserved 
among all entomopoxviruses (Figure 4b). 

Overall, pairwise comparison of amino acids of 
DlEPV RIF with each homolog revealed that 
DlEPV shared slightly more amino acid identities 
with the betaentomopoxviruses than with 
chordopoxviruses (Table 1). However, the 
betaentomopoxviruses shared 1.5-2 times more 
amino acids among themselves than they did with 
DlEPV and the lepidopteran entomopoxviruses 
shared more with each other than they did with 
the M. sanguinipes entomopoxvirus (Table 1). 
The percent similarities between DlEPV and all 
poxvirus RIF sequences and between the 
betaentomopoxviruses and chordopoxviruses 
were about the same (on average -44%) (Table 1). 
However, similarities among the 
betaentomopoxviruses were 1.5- 2 times higher 
than with DlEPV. The lepidopteran 



entomopoxviruses had greater similarity with 
each other than with the M. sanguinipes 
entomopoxvirus (Table 1). 

The nucleotides conserved between DlEPV and 
the betaentomopoxviruses were 1.5 to > 5X fewer 
than those conserved among the 
betaentomopoxviruses themselves, with the 
lepidopteran entomopoxviruses sharing more 
with each other than with the M. sanguinipes 
entomopoxvirus (Table 1). Nevertheless, both 
DlEPV and the betaentomopoxviruses had few (o- 
< 20%) nucleotide identities with the 
chordopoxviruses, except in the case of the A. 
moorei entomopoxvirus and swinepox (Table 1). 
Thus, the DlEPV putative RIF protein is closer to 
(but distinct from) homologs of the lepidopteran 
and orthopteran entomopoxviruses than to those 
of chordopoxviruses (Table 1). This is further seen 
in the phylogenetic tree that assigns DlEPV to a 
different clade from the M. sanguinipes 
entomopoxvirus and from the H. armigera and A. 
moorei entomopoxviruses (Figure 5). DlEPV had 
-20% and 26.4% similarity respectively, with 
IIV-6 and DpAV4a, two non-pox double stranded 
DNA viruses of insects <22.% with non-pox 
double stranded DNA viruses of other organisms 
(Table 2). 
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Discussion 

An EcoRI (RI-i) clone selected from a DNA 
genomic library of DlEPV from the parasitic wasp 
D. longicaudata, contains a complete open 
reading frame that was shown by BLAST search to 
be a homolog of the vaccinia rif (D13L) gene. 
Upstream of the rif open reading frame were 
characteristic poxvirus early transcription 
termination signals (TTTTTnT) (Moss 1996, 
2001) (Figure 3). The presence of the 
characteristic poxvirus consensus late 
transcriptional start signal (TAAATG) and stop 
codons confirm that the DlEPV open reading 
frame is a late gene (Rosel et al. 1986). An 87% 
A/T rich region immediately before the DlEPV rif 
putative translational initiation site (Figure 3) is 
similar to the 91% adenylated sequence upstream 
of the translational start site in the rif of the 
H.armigera entomopoxvirus (Osborne et al. 
1996). 

The DlEPV RI-i open reading frame is 1,641 base 
pairs and potentially encodes a 546 amino acid 
polypeptide that shares considerable similarity 
with RIFs of both chordopoxviruses and 
entomopoxviruses (Figure 4, Table 1). In vaccinia, 
RIF has been shown to be involved in the 
formation of the Golgi-derived crescent-shaped 
membranes characteristic of the early stages of 
virion assembly (Sodiek et al. 1994). Similar 
crescents also occur during DlEPV morphogenesis 
(Lawrence and Akin 1990). Because 
morphologically similar structures are conserved 
within the poxvirus family (Moss 1996, 2001) and 
are presumed to arise through similar 
mechanisms, RIF was considered to be unique to 
poxviruses (Osborne et al. 1996). However, there 
are reports of nf-like genes in certain other large 
DNA non-poxvirus families with which poxviruses 
are suspected to share a common ancestry (Iyer et 
al. 2001) but it is not clear whether they are 
functionally similar (Table 2). Amino acid 
comparisons between DlEPV and the 



insect-infecting non-pox DNA (asco- and irido-) 
viruses revealed < 26.4% amino acid similarity 
among their RIF-like proteins, far less than the 
similarities between DlEPV and other poxviruses 
(Table 1). Thus while DlEPV RIF, like those of 
other poxviruses, may be distantly related to 
RIF-like proteins from non-pox large DNA 
viruses, it is closer to homologs of 
entomopoxviruses and chordopoxviruses (Table 
2). These results, along with previously published 
phylogenetic comparisons of other DlEPV genes 
with those of other poxviruses (Lawrence 2002; 
Mwaengo and Lawrence 2003; Hashimoto and 
Lawrence 2005), further support our hypothesis 
that DlEPV is an entomopoxvirus. 

The sequence alignment shows two highly 
conserved internal regions within DlEPV RIF that 
correspond to those described for the H. 
armigera entomopoxvirus (Osborne et al. 1996). 
Within these regions, two apparent motifs were 
evident but exhibited amino acid substitutions 
that were unique to their respective virus 
subfamilies (Figure 4a). Conserved inner regions 
of poxvirus RIFs have been hypothesized to 
interact with eukaryotic subcellular elements 
(Osborne et al. 1996). It has been further 
hypothesized that protein function may depend 
on their 'head to tail' interaction (Baldick and 
Moss 1985). The DlEPV deduced protein 
sequence showed very low amino acid 
conservation within its terminal regions in 
alignments with all poxviruses (Figure 4a) but 
had at least 10 and 20% conserved amino acids 
within 40 and 50 residues respectively, of the N- 
and C- termini in alignments with individual 
entomopoxviruses (data not shown). It is not clear 
whether or how these conserved amino acids at 
the DlEPV RIF termini may influence protein 
function within the host. 

The present study demonstrates that DlEPV, a 
unique viral symbiont of a parasitic wasp of 
tephritid fruit flies, possesses yet another 



Table 2. Percent similarity between DlEPV D13L vaccinia homolog and orthologs/homologs from large enveloped 
double stranded DNA viruses from non-poxvirus families. 



Virus family 


Genus 


Virus name 


Acronym [Accession #] 


Percent Homology 


Asfaviridae 


Asfavirus 


African swine fever virus 


ASFV [NP_042775l 


22.2 


Iridoviridae 


Lymphocystivirus 


Lymphocystis disease virus l 


LDV-i [NP_0448i2] 


20.8 


Iridovirus 


Invertebrate Iridescent virus 


IIV-6 [NP_149737] 




Phycodnaviridae 


Chlorovirus 


Paramecium bursaria chlorella virus l 


PBCV-i [NP_048978] 


3-4 


Phaeovirus 


Ectocarpus siliculosus virus 


ESV [NP_0776oi] 


10.2 


Ascoviridae' 


Ascovirus 


Diadromus pulchellus ascovirus 4a 


DpAV4a [CAC84483] 


26.4 



* Iyer et al., 2001 
Stasiak et al., 2003 
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homolog of a poxvirus gene. While several D1EPV 
genes remain to be sequenced and characterized, 
almost 50% of sequences published to date 
(Lawrence 2002; Mwaengo and Lawrence 2003; 
Hashimoto and Lawrence 2005), collectively have 
the highest homology with those of 
entomopoxviruses. However, these DlEPV genes 
and deduced proteins exhibit sufficient 
differences from the lepidopteran and M. 
sanguinipes entomopoxviruses, that they were 
placed in a different entomopoxvirus clade 
(Figure 5), suggesting that DlEPV belongs to a 
different genus. DlEPV is designated as an 
unassigned species within the subfamily 
[00.058.2.00.001.00.001. Diachasmimorpha 
entomopoxvirus (DIEV) (ICTVdB 2004)] but its 
pathogenicity to dipterans (Shi et al. 1999; 
Lawrence 2005) suggests that it is likely a 
member of the Gammaentomopoxvirus genus. Its 
true phylogenetic position within the subfamily is 
hampered by the lack of sequences from known 
dipteran entomopoxviruses and therefore awaits 
further clarification. 

Acknowledgments 

Support from the National Science Foundation 
grant IBN 9986076 to P.O. Lawrence is gratefully 
acknowledged. Paid technical services were 
provided by the University of Florida, 
Interdisciplinary Center for Biotechnology 
Research (ICBR) DNA Sequencing Core. We 
thank X. Shi, S.P. Gomez, and E. Almira for 
technical assistance. 

References 

Afonso CL, Tulman ER, Lu Z, Oma E, Kutish GF, Rock DL. 
1999. The genome of Melanoplus sanguinipes 
entomopoxvirus. Journal of Virology 73: 533-552. 

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, 
Miller W, Lipman DJ. 1997. Gapped BLAST and 
PSI-BLAST: a new generation of protein database search 
programs. Nucleic Acids Research 25: 3389-3402. 

Baldick CJ, Moss B. 1987. Resistance of vaccinia virus to 
rifampicin conferred by a single nucleotide substitution 
near the predicted NH2 terminus of a gene encoding an 
Mr 62,000 polypeptide. Virology 156: 138-145. 

Bawden AL, Glassberg KJ, Diggans J, Shaw R, Farmerie W, 
Moyer RW. 2000. Complete genomic sequence of the 
Amsacta moorei entomopoxvirus: analysis and 
comparison with other poxviruses. Virology 274: 120-139. 

Gruidl ME, Hall RL, Moyer RW. 1992. Mapping and molecular 
characterization of a functional thymidine kinase from 
Amsacta moorei entomopoxvirus. Virology 186: 507-516. 



Hall RL, Moyer RW. 1991. Identification, cloning, and 
sequencing of a fragment of Amsacta moorei 
entomopoxvirus DNA containing the spheroidin gene and 
three vaccinia virus-related open reading frames. Journal 
of Virology 65: 6516-6527. 

Hashimoto Y, Lawrence PO. 2005. Comparative analysis of 
selected genes from Diachasmimorpha longicaudata 
entomopoxvirus and other poxviruses. Journal of Insect 
Physiology 51: 207-220. 

ICTVdB 2004. ICTVdB - The Universal Virus Database, 
version 4. 
http://www.ncbi.nlm.nih.gov/ICTVdb/ICTVdB/. 

Iyer LM, Aravind L, Koonin EV. 2001. Common origin of four 
diverse families of large eukaryotic DNA viruses. Journal 
of Virology 75: 11720-11734. 

King LA, Wilkinson N, Miller DP, Marlow SA. 1998. In Miller 
LK, Ball LA, editors. Entomopoxviruses. The Insect 
Viruses, pp. 1-29. Plenum Press. 

Lawrence PO. 2002. Purification and partial characterization 
of an entomopoxvirus (DlEPV) from a parasitic wasp of 
tephritid fruit flies. Journal of Insect Science 2: 10. 
Available online at http://insectscience.0rg/2.10. 

Lawrence PO. 2005. Morphogenesis and cytopathic effects of 
the Diachasmimorpha longicaudata entomopoxvirus in 
host haemocytes. Journal of Insect Physiology 51: 
221-233. 

Lawrence PO, Akin D. 1990. Virus-like particles from the 
poison gland of the parasitic wasp Biosteres 
longicaudatus (Hymenoptera: Braconidae). Canadian 
Journal of Zoology 68: 539-546. 

Lawrence PO, Matos L. 2005. Transmission of the 
Diachasmimorpha longicaudata rhabdovirus (DlRhV) to 
wasp offspring: an ultrastructural analysis. Journal of 
Insect Physiology 51: 235-241. 

Massung RF, Jayarama V, Moyer RW. 1993. DNA sequence 
analysis of conserved and unique regions of swinepox 
virus: identification of genetic elements supporting 
phenotypic observations including a novel G 
protein-coupled receptor homologue. Virology 197: 
511-528. 

Moss B.Knipe DM, Howley PM. 2001. Poxviridae: the viruses 
and their replication. Fundamental Virology 3: 
1249-1283. Lippincott Williams & Wilkins, a Wolters 
Kluwer Company 

Mount DW. 2001. Bioinformatics; Sequence and genome 
analysis. Cold Spring Harbor Laboratory Press. 

Mustafa A, Yuen L. 1991. Identification and sequencing of the 
Choristoneura biennis entomopoxvirus DNA polymerase 
gene. DNA Sequencing 2: 39-45. 

Mwaengo DM, Lawrence PO. 2003. A putative DNA helicase 
and novel oligoribonuclease in the Diachasmimorpha 
longicaudata entomopoxvirus (DlEPV). Archives of 
Virology 148: 1431-1444. 



Journal of Insect Science: Vol. 8 | Article 8 



13 



Journal of Insect Science | www.insectscience.org 



ISSN: 1536-2442 



Niles EG, Condit RC, Caro P, Davidson K, Matusick L, Seto J. 
1986. Nucleotide sequence and genetic map of the 16-kb 
vaccinia virus Hindlll D fragment. Virology 153: 96-112. 

Osborne RJ, Symonds TM, Sriskantha A, Lai-Fook J, Fernon 
CA, Dall DJ. 1996. An entomopoxvirus homologue of the 
vaccinia virus Di3L-encoded 'rifampicin resistance' 
protein. Journal of General Virology 77: 839-846. 

Rizki RM, Rizki TM. 1990. Parasitoid virus-like particles 
destroy Drosophila cellular immunity. Proceedings of the 
National Academy of Sciences USA 87: 8388-8392. 

Sambrook J, Fritsch EF, Maniatis T. 1989. Molecular Cloning: 
A Laboratory Manual, 2 nd edition. New York: Cold 
Spring Harbor Laboratory Press. 

Shi X, Gomez S, Lawrence PO. 1999. A 24 kD 
parasitism-specific protein from the Caribbean fruit fly, 
Anastrepha suspensa: cDNA and deduced amino acid 
sequence. Insect Biochemistry and Molecular Biology 29: 
749-755. 

Rosel JL, Earl PL, Weir JP, Moss B. 1986. Conserved TAAATG 
sequence at the transcriptional and translational initiation 
sites of vaccinia virus late genes deduced by structural and 
functional analysis of the Hindlll H genome fragment. 
Journal of Virology 60: 436-449. 

Shchelkunov SN, Blinov V, Sandakhchiev LS. 1993. Genes of 
variola and vaccinia viruses necessary to overcome the 
host protective mechanisms. FEBS Letters 319: 80-83. 



Sodeik B, Griffiths G, Ericsson M, Moss B, Doms RW. 1994. 
Assembly of vaccinia virus: effects of rifampin on the 
intracellular distribution of viral protein P65. Journal of 
Virology 68: 1103-1114. 

Swofford DL. 1998. PAUP*. Phylogenetic Analysis Using 
Parsimony (*and other methods). Version 4. Sinauer 
Associates. 

Tartaglia J, Paoletti E. 1985. Physical mapping and DNA 
sequence analysis of the rifampicin resistance locus in 
vaccinia virus. Virology 147: 394-404. 

Thompson JD, Higgins DG, Gibson TJ. 1994. CLUSTAL W: 
improving the sensitivity of progressive multiple sequence 
alignment through sequence weighting, positions-specific 
gap penalties and weight matrix choice. Nucleic Acids 
Research 22: 4673-468. 

Winter J, Hall RL, Moyer RW. 1995. The effect of inhibitors on 
the growth of the entomopoxvirus from Amsacta moorei 
in Lymantria dispar (gypsy moth) cells. Virology 211: 
462-473. 

Yuen L, Noiseux M, Gomes M. 1991. DNA sequence of the 
nucleoside triphosphate phosphohydrolase I (NPH I) of 
the Choristoneura biennis entomopoxvirus. Virology 182: 
403-406. 



Journal of Insect Science: Vol. 8 | Article 8 



14 



Journal of Insect Science | www.insectscience.org 



ISSN: 1536-2442 



Correction 

Figure 3b was originally published in a truncated form; the corrected version is shown below. 



1 


TTGTCAATGA 


TGGGGTTAAA ATGGTTTCGA TGAGTAAATA ACTATATATC 


CTAGTCAATA ATGTATGATA 


71 


TGGAAATGGC 


rp A C rppp A C rp a 


rp A A rp a rnmmp p 

Inn 1A1 1 iLu 


t 1 a a a a a arTP 
l nnnnnnu l \~ 


TATAAATTCT 


GTAAAGATTA 


TTTTAATATA 


141 


CTCTTTTTTC 


GTTCGGCACA 


AGTAGAAATC 


TATATTATTG 


TAACGATTCA 


AAAGAAACAT 


AACTGTTACA 


211 


■EwtttttgtI 


GTCCTTCTTG 


TTTAAAGTAA 


TCATGTATAT 


AGGTCGTATC 


GATAAAGTCG 


TCGTCTAATT 


281 


CTTCGTATTC 






r> A rp a rp a A rnrnri 


ATCTAAAAGG AACATATCAA 


CAGTCTCCAT 


351 


GGATTTAAGA 


ACATTGTTCA 


GATGTATAAG 


CTTATTTTTA 


CTAGTTTCGG 


CGAAAGTGTT 


CAAATTCGAA 


421 


ATGTGTTCAC 


CACAGCGGTT 


ACAAAAGAGA 


ACCTTTTTGC 


rparparpanrr" a a 


ATCTTCACTG 


TCACATTTCG 


491 


AACATTTGAT 


a t 1 c t T< t r* a hp nn 

AIL. 1 1 1LA1 1 


TATATTTTTT 


L-L 111 1 mjjjjj 


EgGAGCTAAC 


CACTTTTAAT 


ACCAATCATC 










M 


E L T 


T F N T N H P 


561 


CATTCATCCA 


1 1 L-LrLrL-Lrl/iL- 


err* a a a apmm 




TCCAAAAAAT 


GAAAATGATA 


TATATTCTGT 




F I H 


SAY 


P K T F 


S Y V 


P K N 


E N D I 


Y S V 


631 


GAATGTAACC 


GATGTACGTG 


TAGAAGCAAT 


CAGTTCTCCT 


GAAATTAAGC 


TTATTTTACC 


GGAGATTAAA 




N V T 


D V R V 


E A I 


S S P 


E I K L 


I L P 


E I K 


701 


GGCAAAGGAC 


GTGTGTCTTA 


TCTCAAAAAT 


TACCAGTTTC 


TTCTTTTAGA 


CTATTTTGAA 


ATCTGGTTAA 




G K G R 


V S Y 


L K N 


Y Q F L 


L L D 


Y F E 


I W L K 


771 


AAAATAAAGA 


CGAACATCCA TTTTTGTTCC 


ATAAAGCCAA 


AAGTGAGGAA 


ATTTTTTCAA 


CTTATATTAT 



NKD EHP FLFH KAK SEE IFST YII 

841 CAACGAATAT CACTCGTTAA ACTATTTTAC CAACAAAGAT GTTTTTCTGA CAACCAAAGA AGGGACCCA C 

NEY HSLN YFT NKD DFLT TKE GTH 

911 GCTGATTGCA TAATTTTCCC TAAAAAAGAA ATATCTATTC CATTGGATTC GTTGCTTTCT GCTTTTAAAA 

ADCI IFP KKE ISIP LDS LLS AFKI 

981 TCTTTAAAGA TACCGAAATT ATTTTCAATT TCAAATTCCA TAACATTGAA GAAATTATAG CCTATGATGT 

FKD TEI IFNF KFH NIE EIIA YDV 

1051 AGAATTTAGA CGTCATTCAC TAGAACAACT CAAGAAAAAC TTTTCTGAAA CATCATTGAA TATCAGATTC 

EFR RHSL EQL KKN FSET SLN IRF 

1121 CAATTTTTGA ATGTTCCAAT AATTTCATCA GCAGAACTCA CAGCAACTAA CGTAATTACC AAAAAGGATG 

QFLN VPI ISS AELT ATN VIT KKDV 

1191 TGATTGGTAA AGATAATACT CAAATGATGA ATACATCAGA CTTCTCAAAC ACTATTGCTG TAAGTTTCCA 

IGK DNT QMMN TSD FSN TIAV SFH 

Figure 3b. DNA sequence of the RI-i open reading frame and an immediately preceding region (539 nt) 
containing putative poxvirus early transcriptional stop (TTTTTnT) and late promoter (TAAATG) sequences 
(highlighted in black). Restriction enzyme recognition sites, shown in (a), are underlined. The putative 
translational stop codon (TAA) is indicated by an asterisk (*). The sequence has been assigned GeneBank accession 
# EF541029. 
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12 61 TTCTAAAAGC GATATC TTTA ATCACGAAAA TCGTTATATT ATTAATCCGG GTGTAGATTA TTCCGAAGAT 

SKS DIFN HEN RYI INPG VDY SED 

1331 GTGCTTGTTC AGAAATGGGT TTTAAATATT TTAAAAGATT TGCTTATTGT GACCACAAAA GATATGTCCC 

VLVQ KWV LNI LKDL LIV TTK DMSL 

1401 TGTCAGAAAA TAAAAAAGCT CTGGGTTTCA AAGACGAAGC TGTGTTCCAT GAAATTACTA AAAATACTAT 

SEN K K A LGFK DEA VFH EITK NTM 

1471 GACTTTCAAT AAACTCGAAA AAAGGTTCTG TAAGATCACA ATCGAAAATA TCCCAGAAGA TCACAAACTT 

TFN KLEK RFC KIT IENI PED HKL 

1541 TATTATCATA CAAATATTCT AAGCTT CACC AGACGTTTCC AACACACCAA AGCACTCAAT GTTTCCACAC 

YYHT NIL SFT RRFQ HTK ALN VSTL 

1611 TTTTTAAGAA AATCACGGGT GTTTATCTTC CCAATCAAAA AGTAATCAAT TT TCTAGA TA TAGATCATAG 

FKK ITG VYLP NQK VIN FISI WLD 

1681 TATAGATATT AAAATTGTAA GTTTACCTAT TAGTATTTGG GATCATGAAT TGAATAGTCA TCCAGGTGAT 

IDH SIDI KIV SLP DHEL NSH PGD 

1751 TTAAGATCCA ATGCCATGAA AGAACGTGAT TTTTTCTTTA AGAATAGATT TTTGCTTGGA ATGGACTTCA 

LRSN AMK ERD FFFK NRF LLG MDFN 

1821 ATTGCAAAGA TAGAGGATAT GAACGTATTT CACTTAAAGG TGGTAA AGAT ATC TTTGAAA ACCTTCTTCG 

CKD RGY ERIS LKG GKD IFEN LLR 

1891 GGAAAGAAAA CCCTTTCTTC GTAAACTTCC CATTATCGAA TTTGATCCAG CTATGCAAAG AGGTATTTCG 

ERK PFLR KLP I I E FDPA MQR GIS 

1961 TTATATACAA CCTTCATAAG CCCATCTCTC ATGATATACG CAGATCCCTC TATCAACTTT ACAAATTTCT 

LYTT FIS PSL MIYA DPS INF TNFL 

2031 TAGTCGAGAT CCAATGGAAA GAATATGATG AGTGTGATCC TCTAAATCTA TTAAAACGTT TCCCATGTGT 

VEI QWK EYDE CDP LNL LKRF PCV 

2101 GGAC TT AT AT GAGATGCAAA AAATCACACA AAATCCTGAT ACACAACGTA TTAGTATTGA ATCTATATAA 

DLY EMQK ITQ NPD TQRI SIE SI* 

2171 ATGCTTGACT TTTTAATATT TCATTCTCAA CCCTTTGTCG TTCAGCTTTC AAAAAAGCGA AACCCCATTT 
2241 GATTGATTCA CTTGAGGGCA AATTTTGGAA CACAGGAGTA TTGGCACTTA CTATGGTATT ATTTTGGGAA 
2311 GATTTTATAA CATGTCTTTC TGGTAACjEfc*±JjH 



Figure 3b (con't). 
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